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ABSTRACT
Distributed generation by using solar energy through photovoltaic (PV) plants is growing
considerably as well as the installation of residential rooftop solar photovoltaic panels. The
integration of these panels into low-voltage distribution networks creates voltage regulation
problems. These voltage regulation problems occur when the load demand is significantly lower
than the power generated by PV panels. Renewable energy resources are intermittent in nature
and affect the grid where it is connected. Therefore a proper method to manage the generated
voltage is necessary. This thesis presents a case study simulating a residential complex placed in
Ecuador with rooftop-mounted solar panels in every house generating power. A real load profile
was obtained from the local electrical utility in Ecuador, to analyze the demand of the residential
complex. During the day power from the PV system is injected to the grid, and stored in a
Battery Energy Storage System (BESS), controlled by a load-following method. During the night
the BESS provides energy to the loads due to the power generated from the solar panels is no
longer available, making the residential complex independent from the grid.
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I. INTRODUCTION
A. Solar Photovoltaic Generation
Over the years electrical energy had been generated predominantly by non-renewable
resources (e.g. fuel, oil, coal, gas). Besides being a finite resource, they have a deteriorating
effect upon the environment by emission of large amounts of 𝐶𝑂! . Several measures and
commitments such as the Paris Agreement have been implemented to tackle this problem which
represents one the main causes of climate change. The Paris Agreement is a global commitment
that brings all nations to combat climate change. Its central aim is to keep a global temperature
rise below 2 degrees Celsius. Generating energy from renewable resources, which represents an
inexhaustible source of energy by nature, is an alternative. Renewable energies (e.g. solar, wind,
hydroelectric, biomass) are also known as clean energy because of the low emissions of 𝐶𝑂!
while generating electricity. The Photovoltaic (PV) has gotten special attention in the last
decades due to its lower cost, maintenance free operation, and the ability to work remotely as a
standalone power supply, in addition to the omnipresence of the sun all over the world.
Cumulative solar PV generation capacity soared from 40 GW in 2010 to 285 GW in 2016 and it
is expected to reach 355 GW by the end of this year [1]. Despite the fact of its rapidly
deployment, PV solar power generation contribution to the global electricity generation remains
small due to PV systems having a relatively low capacity factor. Power generated from solar and
wind face the problem of power fluctuation due to input variation. Energy storage provide a
flexible energy management solution to the aforementioned problem.
Ecuador due to its location at the Equator (parallel 0) has a big potential for solar PV
energy generation. The irradiation is almost normal to the surface and it does not vary during the
1

year. There are twelve hours of light everyday all year long. Currently, this potential is not being
exploited. Until 2014 only 4 MW out of 6 GW were generated from PV plants. The contribution
of renewable energies from the total generated power is 85%, but most of it is generated by
hydroelectric resources. It is necessary to diversify the sources to generate electrical energy [2].

B. Energy Storage Systems (ESS)
Electrical power generated from any source eventually needs to meet the challenge of
how to take advantage of the excess of energy generated when demand is low. Many renewables
sources such as wind and solar are intermittent. The effective utilization of these energy sources
means to store energy when supply exceeds demand. Some of the pros of energy storage systems
are: facilitates effective utilization and integration of intermittent renewable sources avoiding
renewable curtailment; enhancement of grid stability and reliability by guaranteeing an energy
supply; performance and cost are continually improving; decarbonization, removal of carbon and
thermal generation plants which means reducing 𝐶𝑂! emissions [3]. The state-of-the-art in
Energy Storage Systems is indicated in Table 1. [4],[5], [6].
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Table 1. Energy Storage Systems
Storage Type
Pumped Hydro Storage
(PHS)
Compressed Air Energy
Storage (CAES)
Flywheel

Batteries

Thermal Storage
Supercapacitor
Superconducting
Magnetic Energy Storage
(SMES)
Hydrogen Energy Storage

Gravity Energy Storage
(GES)

Liquid Air Energy
Storage (LAES)

Description
Pumps water from a lower level to a higher level (reservoir). Generates
hydropower during high-demand periods. Its efficiency is in the range of
70-85%. Longest life expectancy. The storage and discharge rate is
limited by the geography of the region where the system is placed.
Grid electricity is used to compress air into caverns. During demand, the
compressed air is mixed with gas and combusted is a gas turbine.
Efficiency is low, 35-40%.
Stores energy in the form of rotational kinetic energy. To charge the
flywheel energy is used to increase the rotational speed of it. To
discharge, kinetic energy is extracted, this slows down the flywheel. It
has good efficiency. Discharge time is seconds to minutes.
It is an electrochemical device that delivers electrical energy by using
chemical energy generated by electrochemical reactions. Battery Energy
Storage System (BESS) is the most used energy storage device for
power system applications. Round trip energy storage efficiency is 6080%. Flow batteries is a type of battery where one or both active
material is in the electrolyte solution at all times. The advantage over
regular batteries is the capacity of optimal power acceptance without
needing to maximize the energy density. Its efficiency is about 85%.
Excess electricity energy is converted into thermal energy and stored for
later use. Thermal energy can be stored in the form of cryogenic,
sensible heat, latent heat or thermochemical means.
Stores electricity as electrostatic energy. High energy density. High
efficiency, 95%. Can respond to any variation in power demand in tens
to hundreds of milliseconds. Fast discharge time, 30 seconds.
Uses superconducting technology to store energy. Superconductor coil is
cooled below its superconducting temperature, it has a very low
resistance, therefore current will continue to flow, even though voltage
source is disconnected. High lifetime. Its main disadvantage is very high
cost.
Off peak electricity is used to electrolyze water to produce hydrogen,
which is then compressed and stored. To discharge, stored hydrogen is
either used in cell fuel or burnt directly to produce electricity. The
advantage of this energy storage is that hydrogen is a portable fuel and
considered as clean energy. Low efficiency, 30-50%.
This technology uses a very large piston in a shaft. The shaft is filled
with water until the piston reaches the higher position. During discharge
the piston drops forcing water down to a motor/generator to produce
electricity. Its efficiency is 90%. This storage system is also limited by
the geography of the region as PHS.
Known also Cryogenic Energy Storage (CES), stores electricity in the
form of liquid air. Follows the same process as CAES, plus while in
liquid stage it can be pumped and serve as refrigeration. Its efficiency is
40-70%. The advantage over CAES is that it requieres less volume than
the volume of gaseous air.
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C. Battery Energy Storage Systems (BESS) for PV generation
The inherent intermittency of solar power and its connection to the grid causes challenges
in terms of power quality and reliability. For example thunderstorms have the potential to reduce
the generated power to negligible levels in a very short time. Also, sudden variations in PV
generation can adversly effect the frequency of the grid [7]. BESS is able to control the power
flow flexibly, which can facilitates the penetration of PV systems by minimizing the effects of
their intermittency. Otherwise, the amount of spinning reserve would have to increase with the
growth of PV penetration to keep the system balanced. BESS is capable of mitigating all the
adverse effects of grid-tied PV systems [8]. Batteries also provide emergency back-up and grid
independence. The effective management of PV battery storage requires monitoring of the
weather forecast [9]. The sizing and location of BESS is changing from large central storage
units to distributed smaller systems. Generation (in the form of Distributed Generation) and
energy storage systems are both switching from a hierarchical grid to a network electrical grid,
where generation and energy storage systems are closer to loads and customers [10].

D. Ecuador’s Energy Matrix
Until March 2016 the electrical installed capacity in Ecuador was 6 GW [11], 85% of that
capacity is generated from renewable energies such hydroelectric, PV plants, and wind farms
[12]. This percentage is a part of one of the objectives of the National Plan of Good Living.
Some of the other objectives of this plan are to increase the participation of renewable energies
in national generation of energy, reduce the importation of oil products, make the transportation
system more efficient, and reduce the losses in transformation and distribution of electric energy.
The plans of effective energy management should be focused in the industrial and residential
4

sector, raise awareness among the population about energy saving and sustainable consumption,
as well as implement the plan of substitution of gas kitchens with induction electrical kitchens.
The program of Efficient Cooking, which aims to substitute gas kitchens with electrical
induction kitchens, was created for two main reasons. First, the gas used for cooking represents a
huge expense for the government, in order to keep the price low, the Ecuadorian government
subsidizes it, spending $700 millions each year. Second, the efficiency of electrical induction
kitchens is much higher than gas kitchens 80.6% vs 51.26% respectively. This efficiency is
reached because of the effectiveness of heat transfer in electrical induction kitchens whereas in
gas kitchens a big part of heat is transferred to the surroundings resulting in losses [13].

E. Residential Energy Consumption in Ecuador
The residential sector accounts for 35% of the national electricity consumption [14].
Residential energy consumption is transient and rates of energy use and demand vary
dramatically. The population is a diverse group of people each having different histories,
attitudes and socio-cultural demographics such as age, education, income. People also show
differences in physical and mental health, use of free time, relationships with family and friends,
all of these aspects affect their energy using behavior. Electricity usage in home can be classified
as: predictable, moderately predictable and unpredictable. The first occurs when the residents are
away from home or are asleep, moderately predictable consumption is related to the common
behaviour patterns of the residents, and unpredictable consumption occurs at the residents
discretion, which is irregular [15]. Neighborhood consumption patterns are important for supply
systems designs because neighborhoods tend to group people with same demographic
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characteristics, appliance ownership-levels and usage patterns. Household composition and level
of income directly influence the residential electricity consumption.
The introduction of electrical induction kitchens in the Ecuadorian electric system
modified the load curve. Electric cooking creates the greatest peak demands of any single
domestic activity demands [16]. Before the introduction of these kitchens the load curve had
only one peak from 7 pm to 10 pm. After the introduction of these loads, two demand peaks,
lower than the peak at night, appeared at morning and at noon, causing more energy
consumption during the day, (see Figure 1). These new peaks of demand require the operation of
more generating units during the day. However, this issue can be solved by integrating
distributed generation at residential level, making the houses self-sufficient.

Figure 1. Demand curve without and with electrical kitchen [14]

F. Residential Complex Description
The residential complex is located in Sangolqui, 10 km away from Quito, Ecuador’s
capital. It is composed by eight dwelling units. All dwelling units are identical in construction.
The style of construction is minimalist. This style of architecture is characterized for extreme
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simplicity in its forms, pure lines, cleared spaces and neutral colors gathered in an environment
of equilibrium and harmony. Flat roofs are preferred. Most of the time there is no acces to the
roof, and this area is totally unused. This characteristic favors the deployment of PV panels,
capitalizing on existing structures and thus avoiding the requirement of additional dedicated
space. A picture of a house of the residential complex is shown in Figure 2.
Each house has its own meter. In addition there are two additional meters, one for
communications circuits, and the other one for common services such as public ilumination
within the complex and the motor driven gate. The monthly average energy consumption is 242
kWh per billing cycle resulting in a cost of $31.96 (US dollars). The price of each kilowatt hour
in Ecuador is $0.0933. Additionally, the electrical utility charges 2% for transformation losses as
the residential complex has its own transformer. The energy consumption and bills were obtained
from the Electrical Utility of Quito. A sample is shown in Appendices A and B.
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Figure 2. Residential Complex House

G. Literature Review
While incorporating large solar PV installations, it makes the most sense to install a bank
of batteries as large as the PV plant at the same substation, thus the power quality of the system
will be better managed at the point of common connection as in [7]. Energy Storage Systems
(ESS) can be controlled using the profile of the day ahead (forecast of the demand), to control
the energy flows in a distribution system [17], this could significantly reduce the system
operation cost at distribution/transmission level and reduce the consumer’s bill as well [18].
Having the day ahead forecast serves to calculate the size and optimal position for a mobile
energy storage as in [19].
8

The duration of outages is much lower with Battery Energy Storage Systems connected in
a distributed manner rather than lumped at the distribution level as in [20]. It is noted that not
only ESS helps to decrease the cost of load procurement but also smooths the load profile of the
network [21]. In [22] a residential microgrid power market is proposed to encourage the energy
trading of users with BES. In addition, this improves the microgrid performance. Demand
response is analyzed in [23] where the management energy system will allow to contribute and
result in a reduction in energy consumption. Recharging of batteries is set at certain times
primarily in the evening hours, allowing users to develop their lives in a normal way without
having to restrict the use of any equipment. In [24] it is stated that selling energy to the grid can
reduce the storage benefit. A sizing method based for the season, winter or summer, is analyzed
in [25].
Given that Energy Storage Systems connected in a distributed manner make the system
more reliable, decreases the cost of load procurement, the energy consumption from the grid is
reduced, and enhances the power quality, this thesis is proposed. The novelty of this work resides
in grouping households within a residential complex, installing solar panels on the rooftops of
each one and making the residential complex act as a generating unit, instead of individual
households injecting power to the grid. A common battery bank for this system is proposed.
Considering that different demands from house to house occur, a community storage system will
serve to make the residential complex independent from the grid.

H. Objective
The objective of this thesis is to simulate a PV array mounted on the rooftops of houses in
a given residential complex in Ecuador, with energy storage to supply the loads during the
9

evening. The houses are essentially equivalent to each other, with the same minimalist design
and type of construction. The roofs are flat which propitiates the instalation of solar panels. Each
household will generate 8 kW; therefore the residential complex will generate 64 kW. The
available area and the area the solar panels are going to occupy is calculated. The purpose is to
take advantage of the flat roof thus avoiding the requirement of additional dedicated space. The
output voltage from the PV arrays must be increased in order to keep higher level of DC bus
voltage. For this reason, a boost converter is used. The method employed to extract the
maximum power from the PV panels is Perturb & Observe.
The records of energy consumption are provided from the local electrical utility in
Ecuador. From the energy records, the maximum individual household demand is obtained, and
accordingly, the maximum coincident demand. The load is simulated by following the load
behavior curve with the incorporation of electrical kitchens shown in Figure 1. Knowing the
energy required by the load for two days the battery bank is sized. This Battery Energy Storage is
common for all the houses and makes the residential complex autonomous. However, the system
is tied to the grid to inject the surplus power of the solar panels generated during the day.
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II. SYSTEM DESCRIPTION
Figure 3 shows the single line diagram of the power system proposed. A 64 kW PV array
is connected to a 25 kV grid through a DC/DC boost converter and a three-phase three-level
Voltage Source Converter (VSC) acting as an inverter. The DC/DC boost converter is controlled
by Maximum Power Point Tracking (MPPT) using Perturb and Observe technique, getting 500V
across the DC link. The VSC inverts the voltage from DC to AC and synchronizes it with the
grid frequency (60 Hz). A 100-KVA 260V/25kV wye-delta transformer is employed to step up
the VSC’s voltage to the grid voltage. The utility grid is composed by a 25kV distribution feeder
and 120 kV of equivalent transmission system[26].

Figure 3. Schematic of grid-connected PV system

A. PV array
1) Basics of Solar PV
Photovoltaic cells or solar cells generate electrical power by converting the energy of
light into electricity as shwon in Figure 4. PV cells are composed by a P-N junction of a thin
11

wafer of semiconductor [27]. An electrical field is created in the top surface of the cell. When the
cell is exposed to sunlight this electrical field provides momentum and direction to lightstimulated electrons thus generating a flow of current when the PV cell is connected to a load. A
typical silicon Solar cell produces 0.5-0.6 volts DC under open circuit. no-load conditions [28].

Figure 4. Solar cell
A mathematical description of current – terminal voltage can be obtained from the
equivalent circuit of a solar cell as seen in Figure 5. The single exponential equation derived
from the physics of the P-N junction (1) reflects the cell’s behavior.
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Figure 5. Equivalent circuit of a Solar cell sic [29]

𝐼 = 𝐼! − 𝐼!"# exp

!!!!!
!! !"!

−1 +

!!!!!!
!!

Where,
𝐼! is the photon generated current (A)
𝐼 is Load current (A)
𝐼! is diode current (A)
𝐼!"# is saturation current of Diode (A)
𝑉 is Forward Voltage (V)
𝐴 is diode ideality factor (1 ≤ 𝐴 ≤ 1.5)
𝐾 is Boltzman constant (1.3806503e-19 J/K)
𝑉! is the diode thermal voltage (V)
𝑅! is series resistance Ω
𝑅!! is shunt resistance Ω
The open circuit voltage 𝑉!" is obtained when the load current is zero.
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(1)

𝑉!" = 𝑉! 𝑙𝑛

!!
!!

+1

(2)

The Fill Factor 𝐹𝐹 is the relation between the maximum power output 𝑃!"# and the
product of the short circuit current 𝐼!" and open circuit voltage 𝑉!" .
!

𝐹𝐹 = ! !"#
!

(3)

!" !"

These five parameters 𝐼!! , 𝐴, 𝐼!"# , 𝑅! and, 𝑅! describe the complete behavior of the Solar
cell. Additionally, these parameters are related to two environmental conditions: solar
insolation(irradiation) and temperature [30].
•

Impact of Solar Irradiation: change in irradiation affects directly the photon generated
current 𝐼!! . As the irradiance increases the Power increases too, Figure 6.
𝐼! = 𝐼!" + 𝑘! 𝑇 − 298

Where,
𝑘! is cell’s short circuit temperature coefficient 0.0017 A/𝐶 !
𝜆 is solar irradiation
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!
!""

(4)

Figure 6. Power vs Voltage curve [28]
•

Impact of temperature: the increase in temperature results in a significant reduction of the
voltage output, and a decrease in power and efficiency. PV systems perform better during
clear days instead of hot days. The increased saturation current in fact reduces open
circuit voltage 𝑉!" , (2).

Figure 7. Current vs Voltage curve [28]
Since the voltage of a solar cell is low, multiple solar cells are connected in series and
parallel to produce enough voltage and power. Cells connected in parallel increase the current,
cells connected in series increase the voltage. The complete assembly is usually referred as a
15

module. This modules protect the solar cells from water, dust, etc. PV modules may then be
strung together forming a PV array. Following the same pattern as Solar cells, PV modules in
parellel will rise the current and PV modules in parallel will provide a greater output voltage.

2) Types of PV Systems
•

Grid-Connected Solar PV System: The primary component of this system is the inverter.
The inverter converts the DC power from the PV array into AC power to either supply
local loads or inject it to the grid. Inverters must have line frequency synchronization
capability to deliver excess power to the grid [31].

•

Stand-Alone Solar PV System: This systems are independent of the utility grid. Known as
direct coupled PV systems and are designed and sized to supply either DC or AC power
to local loads. [31]

•

Hybrid-PV System: This type of systems refers to a combination of two input sources as
Diesel Generator, Wind turbines, or any other with a PV system. Solar PV systems will
generally use a battery bank to store energy from the solar panels.

3) PV array modeling
The PV module used is SunPower 305 solar panel which has 96 cells connected in series
and a 18.7% of efficiency. Its characteristiscs are exposed in Table 2. Figure 8 shows the currentvoltage curve with dependence on irrradiance and module temperature [32]. PV panels should
improve its efficiency as light concentration increases, more light concentration more power.
However the efficiency of the panel is affected by: the lenses of the panel are not perfect
(reflectance efficiency); conduction efficiency values; as light concentration increases
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temperature and the solar cell will get hotter lowering its efficiency. Power can only be obtained
by the light coming directly from the sun, not the diffuse blue light from the rest of the sky which
represents 15% of the light. [33]
Table 2, Solar panel parameters
Maximum Power

Pmax

305 W

Voltage at maximum power point

Vmpp

54.7 V

Open circuit voltage

Voc

64.2 V

Short circuit current

Isc

5.96 A

Current at maximum power point

Impp

5.58 A

Figure 8. I-V Curve [32]
This study seeks to calculate the PV potential for residential’s rooftops. For that reason it
is necessary to calculate the area that the solar panels require. The dimensions of SunPower 305
solar panel are 1.559m of lenght and 1.046m of width [32]; therefore the area occupied of one
solar panel is 1.67 𝑚! . PV arrays of every house are to generate 8 kW. Hence, 27 modules are
required. Since the available area in the rooftops is 70 𝑚! (Figure 9,10) and the area needed for
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27 modules is approximately 45 𝑚! , 65% of the available area of each roof will be covered by
solar panels.

Figure 9. Side view residential complex
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Figure 10. Rooftop available area
The residential complex is located in Sangolqui. Sangolqui belongs to the canton of
Rumiñahui in the province of Pichincha. Sangolqui is considered a suburb of Quito, Ecuador’s
capital. Sangolqui is settled in a valley known as Valle de los Chillos. The altitude is lower than
Quito, 2500 meters over the sea level, which makes its weather very pleasant. Its temperatures
fluctuate between 8 – 23 ℃ throughout the year.
The PV array block has two inputs: irradiance and temperature. The total solar irradiance
is the maximum possible power that the sun can deliver to Earth. For the design of the PV
system, the average global insolation is obtained from [34] and shown in Figure 12. Since the
location of the residential complex is in the Equator (parallel zero), the global insolation in this
area is 5100 Wh/m2/day. The average amount of incoming solar radiation is greatest at the
Equator, striking the surface at a perpendicular angle. Insolation decreases as the possible site
19

moves towards the poles due to the angle departing from the perpendicular, reducing the average
solar irradiance. Figure 11 demonstrates this phenomenon. As the angle moves from the
perpendicular, irradiation becomes spread over a larger and larger surface (red lines in Figure 11)
[35].

Figure 11. Irradiance at earth's surface[35]
The average irradiance for the insolation of 5100 Wh/m2/day considering 4.29 peak sunhours is 1203 W/𝑚! . The highest recorded irradiance is 1276.9 W/𝑚! and the lowest 663.1
W/𝑚! [34], [36]. Peak sun-hours refers to the amount of time when sun shines at its maximum
intensity.
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Figure 12. Average Global Insolation Ecuador[34]
The average temperature in Sangolqui is 15.4 celsius degrees with a maximum
temperature of 22.9 ℃ and a minimum temperature of 7.2 ℃. [37]
The power generated for all the houses is 64kW. The curves for I-V and P-V
characteristics at 1000 W/𝑚! and 15.4 ℃ are shown in Figure 11. At Standard Test Conditions,
the solar panel parameters are obtained using this standarized amount of irradiance1000 W/𝑚! .

21

Figure 13. I-V and P-V characteristics. PV system 64kW

B. Boost Converter
1)DC-DC Converters
A DC-DC converter, also known as a Chopper, is a static device which converts fixed DC
voltage to varaible DC voltage [28]. It also can increase or decrease the output voltage to the
required level by manipulating the functional duration which is the on and off switching time.
This can be achieved through Pulse Width Modulation (PWM). The relationship between time
on and time off in the switching is known as the duty cycle [38]. Buck, Boost and Buck-Boost
converters are used for power conditioning purposes.
In a Boost Converter the magnitude of the output voltage is greater than the input voltage.
By the law of conservation of energy the output current is less than the input current. The main
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working principle of this converter is when the mosfet is turned on the inductor stores energy in
its magnetic field. When the mosfet is turned off, a back electro motive force (e.m.f.) is produced
to keep curent flowing. Since the voltage in the inductor is in series with the input voltage, the
two will add making the output voltage greater than the input voltage. This higher voltage
forward biases the diode and charges the capacitor and supplies the load. The resulting output
voltage is the input voltage divided by 1 minus the duty cycle (𝐷) .

Figure 14. Boost Converter [39]

!

!"
𝑉!"# = !!!

(5)

The Buck Converter reduces the output voltage. By law of conservation of energy the
output current is greater than the input current. The working principle is when the mosfet is
turned on, the load is being supplied. The inductor is storing energy and the capacitor is being
charged. The diode will be reverse biased. When the mosfet is turned off, the energy stored in the
inductor is released back into the circuit. The voltage across the inductor causes the current to
flow through the diode which is now forward biased. Once the inductor has returned a large part
of its stored energy, the charge in the capacitor is the main source of current. The output voltage
will be the product of the input voltage by the duty cycle 𝐷. [40]
23

Figure 15. Buck Converter [39]

𝑉!"# = 𝑉!" ×𝐷

(6)

The Buck-Boost Converter, also known as step-down/step-up converter, is a cascade
connection of a Buck and a Boost converter. The output voltage is inverted from the input
voltage, and it can be either higher or lower than the input voltage depending on the mode of
operation. The working principle is: the mosfet is repeatedly switched on and off. The switching
action produces a train of pulses at the junction of the mosfet, diode and inductor. The inductor
is connected to the output of the capacitor forming a L/C output filter.

Figure 16. Buck-Boost Converter [39]
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𝑉!"#
−𝐷
=
𝑉!"#$% 1 − 𝐷

(7)

PV array in the model proposed is connected to the common DC link via DC-DC
boost converter. The voltage in the DC link is greater, 500 DC volts.

2) Maximum Power Point Tracking
Due to the low efficiency of energy conversion in the solar panels, it is necessary to
extract the maximum power from these panels in order to reach maximum eficciency during
operation. Furthermore the solar cell characteristic V-I is nonlinear, and there is only one point
of maximum power (MPP). This varies according to the change of climatic conditions,
irradiation and temperature specifically. The location of MPP is not known but can be located
using Maximum Power Tracking (MPPT) techniques. By implementig MPPT in a PV system the
MPP of the solar panel can be maintained.

25

Figure 17. Maximum Power Point MPP
Among the most popular MPPT techniques can be found:
•

Fixed Duty Cycle

•

Constant Voltage method

•

Short-Current Pulse method

•

Open Voltage method

•

Perturb and Observe (P&O)

•

Incremental Conductance (IC)

•

Fuzzy Logic

•

Neural Networks

•

Ripple Correlation Control
The Fixed Duty Cycle does not need any feedback which makes it the simplest method.

The load impedance is adjusted only once for the MPP. The Constant Voltage method regulates
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the MPP voltage 𝑉!"" to a reference voltage (70% to 80% of open circuit voltage 𝑉!" ). This
method assumes that the variations in the solar radiation are insignificant on 𝑉!"" . Therefore
different data have to be adopted and tested for differenet geographical conditions. The Constant
Voltage method under low insolation conditions is very efficient which makes it suitable to be
combined with others to increase efficiency.
The Incremental Conductance (IC) method is based on the following equations:

𝑑𝑃
𝑃
=−
𝑑𝑉
𝑉

(8)

𝑑𝑃
𝑃
> − (𝑙𝑒𝑓𝑡)
𝑑𝑉
𝑉

(9)

𝑑𝑃
𝑃
< − (𝑟𝑖𝑔ℎ𝑡)
𝑑𝑉
𝑉

(10)

In these, equations the left side represents the variation of incremental conductance and
right side represents the instantaneous conductance. The MPP is reached when dI/dV=0, in other
words when the power slope is null. Once the MPP is achieved, the operation of the PV array is
kept at this point unless there is a variation which will increase or decrement the voltage of the
PV panel. IC method offers a good performance under rapidly changing environmental
conditions.
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Figure 18, IC method
The Short-Current Pulse method can be obtained using Equation 11, where the current at
MPP (𝐼!"" ) is proportional to the product of a constant k1 (this constant is dependent on the
characteristics of the PV panel being used) and the short-circuit current 𝐼!" under different levels
of irradiance S.
𝐼!"" = 𝑘! ×𝐼!" 𝑆

(11)

The open volage method is similar to the Short-Current pulse method, see (12).

𝑉!"" = 𝑘! ×𝑉!"

(12)

Fuzzy Logic control have the advantage of working with non linear inputs, thus not
needing an accurate mathematical model, making it a robust and simple design. This method
consists of: fuzzification, rule base table lookup, inference and defuzzification. The inputs are:
the change in PV power Δ𝑃!" and the variation in the PV current Δ𝐼!" . The resulting output is
the change of boost converter current reference Δ𝐼!"# .
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Figure 19. Fuzzy Logic Controller [41]
Neural networks have as inputs the PV array parameters and atmospheric data. The
outputs are usually reference signals like the duty cycle. There is a hidden layer where it is
determined how close the converter operates to the MPP. The main advantage of Neural
Networks is they have self adapting capabilities.

Figure 20. Neural Network Architecture [42]
The Ripple Correlation is based on the principle of Maximum Power Transfer, and
utilizes the oscillations of the power through all pass filters to obtain the optimal point. The high
frequency ripple found in power and voltage is captured by high frequency filters to evaluate
dP/dV. Then the sign of this derivative is used to determine the right region of operation to
achieve MPP.
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The Perturb and Observe (P&O) method is the one used in this study. It is based on the
hill-climbing principle which consists in moving the operating point of the PV array to the
direction in which the power increases. This algorithm operates by periodically perturbing
(incrementing or decrementing) the output terminal voltage and comparing the PV power of the
current cycle with the one of the previous cycle. If the output terminal voltage varies and the
power increases, the control system moves the operating point in that direction, otherwise is
moved in the opposite direction as in Table 3. Once the direction is known the current is varied
at a constant rate. The flow diagram is presented in Figure 21.
Table 3. P&O operation
Perturbation Next Perturbation (Action)
𝑑𝑃
>0
𝑑𝑉

Positive

𝑑𝑃
<0
𝑑𝑉

Negative

The problem with P&O method is that the output terminal voltage is varied every cycle
even when MPP is reached, causing loss in power. On the other hand this method is easy to
implement, and it has the ability to slow the effects of fluctuations in solar irradiation and
temperature. This method is also inexpensive. It only uses one voltage sensor to measure the
output voltage; thus the cost of its implementation is reduced [31], [43], [44].
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Figure 21. Flow chart P&O [43]

C. Battery Bank
Distributed generation using renewable energy (i.e. solar and wind) is growing
considerably, as well as the installation of rooftop solar PV panels. The injection of the power
generated from this sources creates voltage problems due to the intermitency of the inputs such
as solar irradiation, wind speed, etc. Moreover, the power generated eventually must meet the
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challenge of storing excess energy when demand is low, and to keep suplying the loads or grids
when there is no sun or wind. Energy Storage Systems provide a flexible energy management
solution that can improve the power quality of renewable energy generation systems and solve
the issues above mentioned.
There are many aspects to be considered when selecting an energy storage system, like
response rates, the ability to be charged and discharged as many times as needed, the power
capacity, lifetime, efficiency, energy density, energy dissipation rate, cost, ramp rates. Batteries
are the most widely utilized systems in residential applications. An overview of the power and
time rating of various Energy Storage Systems is shown in Figure 22.

Figure 22. Energy Storage Systems ratings [45]
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1) Basics of Batteries
Batteries are the main storage device technology used in PV systems. A mathematical
description can be obtained from the equivalent circuit of a battery, shown in Figure 23.

Figure 23: Equivalent circuit of a battery [27]

𝑉!"## = 𝑉!"# 𝑆𝑂𝐶 − 𝐼!"## 𝑅! +

𝑅!
𝑅!
+
1 + 𝑠𝑅! 𝐶! 1 + 𝑠𝑅! 𝐶!

𝑅! = 𝑅!" 𝑒𝑥𝑝 −𝐾! 1 − 𝑆𝑂𝐶
𝑅! =

𝑅!"
𝐷𝑂𝐶

𝑆𝑂𝐶 = 1 −
𝐷𝑂𝐶 = 1 −

1
𝐶!

1
𝐶𝑖!"#

Where,
𝑉!"## is battery voltage (V)
𝑉!"# is battery voltage generator (V)
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13
14
(15)

𝐼!"## 𝑑𝜏
𝐼!"#! 𝑑𝜏

16
(17)

𝐼!"## is battery current (A)
𝑆𝑂𝐶 is the state of charge (%)
𝐷𝑂𝐶 is the depth of charge (%)
𝐶! is battery capacity (%)
𝐶𝑖!"# is the current-dependent battery capacity
𝑅! battery internal resistance (Ω)
𝑅!" is the first RC branch constant (Ω)
𝜏1 is the first RC branch time constant (sec)
𝐾! is a constant
𝑅!" is the second RC branch constant (Ω)
𝜏2 is the second RC branch time constant (sec)
The State of Charge (SOC) is defined as the amount of energy as a percentage of the
energy stored in a fully charged battery. The Depth of Discharge (DOD) is the percentage of
capacity that has been withdrawn from a battery. The Autonomy of a battery is the time a fully
charged battery can supply energy to the loads when there is no available energy supplied from
the PV array. Temperature in batteries plays a very important role. As temperature increases, the
corrosion of the positive plates is accelerated. As the battery cools its internal resistance
increases, and battery life increases as well. However the capacity is reduced sifnificantly at
lower temperatures. [31]
The primary functions of batteries in a PV system are:
•

Energy storage capability and autonomy: store the energy produced by the PV array and
supply energy to loads under demand.
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•

Voltage and current stabilization: suppress transients occurred in PV systems and supply
stable voltages and current to loads.
There are two main types of batteries for PV systems: Li-ion batteries, and Lead-Acid

batteries. Due to high energy density Li-ion batteries have gained popularity. In addition the
charging time is less and it does not need to charge fully like lead-acid battery which represents
and advantage during cloudy days. Lead-acid battery life cycle varies from 500 -100 cycles
whereas Li-ion life cycle varies from 2000 – 5000 cycles. Li-ion batteries are smaller than leadacid batteries, and are not environmentally hazardous. The main drawback of Li-ion batteries is
they are higher priced than lead acid batteries. [46]

Figure 24. Charging rate Lead-acid batteries vs Li-ion batteries

2) Battery Bank sizing
In order to start calculating it is neccesary to know the efficiency of the DC-DC converter
and inverter, the allowable depth of discharge, the DC bus voltage, total energy demanded per
day and days of autonomy. The demanded energy is obtained adding up the column of Average
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daily consumption in Table 4, which is explained in detail further in section F, the total is 94.11
kWh. Considering a 4.8% rate of energy consumption increase [14] for 5 years the total is 113.52
kWh. The days of autonomy are two, due to the constant irradiation in the area where PV system
is located. The efficiency of the DC-DC converter is 98% [47] and the effciency of the inverter is
90% [48]. The depth of discharge is assumed as 0.8 [49]. The DC bus voltage is 24 V.
Table 4. Energy consumption
Month of

Average

more

daily

consumption

consumption

kWh

kWh

1671934-K

567

17.72

1671935-8

460

15.33

1671936-6

228

6.90

1671937-4

15

0.45

1671938-2

218

6.81

1671939-0

490

16.90

1671940-4

268

8.12

1671941-2

298

9.93

1799407-7

124

3.88

1672256-1

242

8.07

Meter

𝐴ℎ !"# =

𝑑𝑎𝑖𝑙𝑦 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
× 𝐷𝑎𝑦𝑠 𝑜𝑓 𝑎𝑢𝑡𝑜𝑛𝑜𝑚𝑦
𝜂!"# ×𝜂!"# ×𝐷𝑂𝐷×𝑉!"!!"#

Where,
𝐴ℎ !"# is ampere-hours required (Ah)
𝜂!"! is the inverter efficiency
𝜂!"# is the DC-DC converter efficiency
𝑉!"!!"# is the DC voltage at the DC bus
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18

𝐴ℎ !"# =

113.52 𝑘𝑊ℎ
×2 = 13407 𝐴ℎ
0.9×0.98×0.8×24

The battery specifications are 24 V for nominal voltage and 400 Ah for rated amperehour capacity [50]. Therefore the total number of batteries required is 34 connected in parallel.

D. DC-link Capacitor
DC-link capacitor is known as load-balancing energy storage [51]. A capacitor is used as
a power decoupling element to balance the input (instantaneous dc power extracted from the PV
array) and the output (instantaneous ac power from the inverter). The functions of the DC-link
capacitor are to reduce the voltage ripple in the input of the inverter and supply a hold-up time
during which the irradiation rapidly oscillates between high and low. The DC-link capacitor is
placed at the high-voltage dc link, where the ripple is high too, resulting in a lower capacitance
(Equation 19). However, working with a large voltage ripple across the DC-link may affect the
output current waveform, control techniques have been proposed to solve this problem. In order
for proper function of the inverter, the minimum voltage across the DC-link capacitor should be
higher than the ac output rms voltage [52], the capacitor constitutes to be the main limiting factor
of the inverter’s lifetime.
𝐶=

𝑃
2𝜔𝑉!" ∆𝑉

Where,
𝑃 is Power of PV plant (kW)
𝜔 is the frequency of the grid (Hz)
𝑉!" is the DC input voltage (V)
∆𝑉 is the ripple in the output voltage (V)
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(19)

E. Inverter
Inverters are used to convert DC current to AC current in PV systems and connect the PV
system to the grid. The inverter’s tasks are to ensure the PV array is working at the MPP, and to
inject sinusoidal current into the grid. Inverters can export or import reactive power Q and should
be modeled as voltage source inverters [53]. Some demands by the grid to the inverters are
power quality, detection of islanding operation, grounding. Inverter topologies can be divided in
two categories: Voltage Source Inverters (VSI) and Current Source Inverters (CSI). In this thesis
VSC converters are represented by equivalent voltage sources generating the AC voltage
averaged over one cycle of the switching frequency [26].
The most commonly used operational mode is unity power factor, where Q=0. The
inverter’s control scheme is demonstrated in Figure 25. It uses a reference frame control
transformation module, abc to dq control. This transformation rotates the reference frame of AC
waveforms to make them DC signals. In the phase locked loop and measurements block, the
transformer’s primary instantaneous voltages (Vabc) and currents (Iabc) are measured, and the d-q
components are calculated Vdq(mes.) and Idq(mes.), as well as the grid frequency(ω). The Id(ref) is
calculated in the DC Regulator block from the measured VDC value. Iq(ref) is set to zero to
maintain a unity power factor. This block aims to maintain the balance of active power flow.
The Current Regulator Block is a feed forward control loop that calculates the converted
Voltage Vdq(conv.) from the difference between the Idq(mes.) and Idq(ref.) which is regulated by a PI
controller. This is fed forward to compensate the difference in voltage at the inverter’s terminals
and the voltage at the primary of the transformer. This block is responsible for power quality
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issues and current variation protection. The PWM generates a train of pulses for the IGBT
Switches from the U(ref.) created by Vdq(conv.).

Figure 25. Inverter's Controller block Diagram [26]
F. Load
In order to design the loads of the PV system, the individual maximum demands of each
house are needed. The demand is the maximum power required for a system averaged over a
time interval. Since individual maximum demands can occur any time of the year and maximum
coincident demands depend on this, the energy consumption records should consider at least a
year of consumption to be useful. The records of energy consumption are shown in Appendix 1.
The method used to calculate the demand from energy is the one proposed by the Rural
Electrification Administration (REA). [54]
Knowing the energy consumption of a year, the month with the most consumption is
selected because it will be the best representation of the maximum demand for each consumer.
The maximum daily consumption is obtained by dividing the kWh of the selected month by the
total of billed days in that month. This value is extrapolated in an average month. An average
month is obtained by dividing 365 days by 12 months. Using the average month energy of
maximum demand, and applying the method proposed by REA, the maximum coincident
demand is obtained by crossing the line in the column of “Demand in kW”. Note that the number
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of consumers in the nomogram starts with 5, so the coincident demand is for 5 consumers
[54],[55].

Figure 26. REA nomogram [54]
In order to find the individual maximum demand of each consumer, coincidence factor
curves of domestic consumers are used (Figure 28). The curve used is A, domestic without
electric range since this one is closer to the energy consumption behavior. Even though the load
profile used considers electric kitchens, the coincidence factor remains low which is
demonstrated in [13] where due to this low coincidence factor, the factor of utilization of
transformers is low also.
With the purpose to clarify this procedure an example is shown.
Table 5. Energy consumption record
ME 2/24/ 1/26/ 12/24
TER 2016 2016 /2015
1671
93833
147
49
2

11/24
/2015
2

10/26 9/24/ 8/25/ 7/27/ 6/25/ 5/26/ 4/27/ 3/26/
/2015 2015 2015 2015 2015 2015 2015 2015
4

5
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32

183

179

186

218

217

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑎𝑖𝑙𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =

𝑀𝑜𝑛𝑡ℎ𝑙𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑎𝑖𝑙𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 =

218 𝑘𝑊ℎ
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𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑑𝑎𝑖𝑙𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 = 6.81 𝑘𝑊ℎ
Average month calculation:
!"# !"#$

Average month: !" !"#$!! = 30.42
∴ 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑚𝑜𝑛𝑡ℎ𝑙𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 𝑒𝑛𝑒𝑟𝑔𝑦 𝑣𝑎𝑙𝑢𝑒 = 6.81

𝑘𝑊ℎ
𝑥 30.42
𝑑𝑖𝑎

= 207.16 𝑘𝑊ℎ 𝑚𝑜𝑛𝑡ℎ /𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟

Figure 27: REA nomogram, 5 consumers-218kWh
From the REA nomogram, the maximum coincident demand obtained for 5 consumers is
5.7 kW. The maximum individual demand is obtained by:
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𝐶𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟 =

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑑𝑒𝑚𝑎𝑛𝑑
Σ 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑𝑠

Σ𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑𝑠 =

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑑𝑒𝑚𝑎𝑛𝑑
𝐶𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟

From the coincidence factor curve, the value for 5 consumers is obtained.

Figure 28. Coincidence Factor Curve [56]
As shown the value for 5 consumers is 0.45.
Σ𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝐼𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑𝑠 =

𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑐𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑑𝑒𝑚𝑎𝑛𝑑
𝐶𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 𝐹𝑎𝑐𝑡𝑜𝑟

Σ𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑𝑠 =
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑑𝑒𝑚𝑎𝑛𝑑 =

5.7 𝑘𝑊
= 12.66 𝑘𝑊
0.45

12.66 𝑘𝑊
= 2.53 𝑘𝑊
5 𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑟𝑠

The results of the individual maximum demand are shown in Table 6. The value of the
load represented in the simulation is the sum of all individual demands multiplied by the demand
factor. The demand factor is the ratio of the maximum demand of a system to the total load
connected of a system. The demand factor for eight dwelling units is 0.43 [57]. Hence the power
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of the load is 13.43 kW. The load follows the pattern of the load curve with electric kitchens
represented in Figure 31.
Table 6. Individual Maximum Demand
Electrical
bill $

1671934-K

Month of more
consumption
kWh
567

78.89

Average daily
consumption
kWh
17.72

Average month
consumption
kWh
539.01

Maximum
coincident
demand kW
12.50

Individual
maximum
demand kW
5.56

1671935-8

460

61.01

15.33

466.34

10.90

4.84

1671936-6

228

27.68

6.90

209.90

5.80

2.58

1671937-4

15

3.79

0.45

13.83

0.00

0.00

1671938-2

218

32.40

6.81

207.24

5.75

2.53

1671939-0

490

64.76

16.90

513.99

12.00

5.33

1671940-4

268

35.46

8.12

247.05

6.00

2.67

1671941-2

298

39.22

9.93

302.16

7.90

3.51

1799407-7

124

12.42

3.88

117.88

3.50

1.56

1672256-1

242

21.07

8.07

245.37

6.00

2.67

Meter
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III. SIMULATION RESULTS
The curves of the inputs (irradiance and temperature) are shown in Figure 29, 30. The
third curve is the variation of the load-profile during the day (Figure 31). As explained in the
introduction there are three peaks in this curve due to the use of electrical kitchens which
represents a major contribution to the demand of each household. The curves shown are for the
average values, the irradiance with a peak at 1203 W/m2 and the temperature at 15.4 degrees
Celsius. The load pattern does not vary from season to season, due to Ecuador being located at
the equator and having only two seasons, a moderate winter and summer. Table 7 shows the
values for the peaks of the curves for PV array, PV plant and the power that it is being injected
into the grid in Figures 32, 33, 34, for the different conditions tested.
The BESS constantly measures the difference of power between the PV plant and load. If
PV plant power is greater then it feeds the load and BESS is charged, otherwise BESS will
supply the load. Since the irradiance in Ecuador is relatively constant power generated at average
and at high irradiance and at high temperature, is greater than the nominal capacity of the plant.
However for low values of irradiance and temperature the curve form is affected and the PV
plant generates 31% less power than nominal conditions. In all three system conditions the peak
of load that occurs after 6 pm is being supplied entirely by the batteries, this can be seen in the
right side of Figures 32, 33, 34, where the power from solar panels drops and the power of
batteries rises, PV plant power is composed uniquely by the power of the BESS. Hence, showing
that the PV system is self-sufficient. In Figure 33 a constant power PV system is proposed, the
battery bank capacity is increased in order to generate constant power the entire day .

44

Table 7. Values of curve peaks
System conditions
Irradiance
W/m2

Temperature
℃

663.1
1203
1276.9

7.2
15.4
22.8

PV Array Power kW

PV plant Power kW

Grid Power kW

44.26
78.81
81.96

44.22
71.75
73.97

35.46
63.03
65.19

Figure 29. Curve of Irradiance variation
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Figure 30. Curve of Temperature variation

Figure 31. Load profile
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Figure 32. System at average conditions

Figure 33. System at high irradiance and temperature
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Figure 34. System at low irradiance and temperature

Figure 35. Battery Bank sized to store the entire capacity of PV
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IV. CONCLUSIONS AND FUTURE WORK
A residential Battery Energy Storage is presented in this thesis where it is
concluded:
1. A residential complex acting as whole is able to generate more power. Since the PV
arrays in the households are sized equal, every unit generates the same amount of power
regardless its energy requirements. Despite the fact that consumers of this residential complex
can be aggregated within the same demographic group, which is one of the main determinants
for load behavior, the demands obtained differ significantly from one customer to another. The
reason is that load behavior is also affected for the number of people living in the house and the
amount of appliances installed and used. Within this residential complex it can be assumed that
the consumer 1671937-4 unit is uninhabitated and its demand of power is 0 kW. However, the
consumer 1671934-k is habitated by a complete family with a considerable use of energy. The
demand for a specific sector can be estimated, but that does not mean the estimate will be
accurate. With the residential complex generating as a unit, the power generated from one
household which is not being consumed can be used in another household where it is required.
Therefore, load diversity significantly reduces the need for larger BESS.

2. Some of the advantages of residential BESS are: more reliable backup power to
customers because it is closer, greater scalability and implementation flexibility due to the small
capacity, and ease of installation. The proposed BESS strongly indicates that the residential
complex is self-sufficient in terms of energy requirements. Currently in Ecuador there is not a
policy that encourages generating power at residential level. However, the benefit of the
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proposed model is the reduction of energy consumption from the grid, and implies a reduction of
the electric bill.

The potential impact of a PV system in this area and in several other areas of Ecuador is
large. For future work and in order to make the systems more accurate it is necessary to have a
record of insolation rates in one second up to one hour increments. This will help in planning the
incorporation of more distributed energy into the system as well as the measurements required
based on the day ahead forecast data. In Figure 33 a variation of the system is proposed where
the generated power will be constant among the day. For future work the optimal sizing for
storing the entire capacity of the PV plant can be done and determining incentives of the market
together with local electrical utilities.
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APPENDICES
A sample of the original records provided by the electrical utility of Quito-Ecuador are
shown in appendices A and B.
A. Energy consumption record
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Figure 36. Energy Consumption Record

The energy consumption record is shown in Figure 34. The lectures of the last 24 months
are shown for the consumer 1671934-K, and the billing record is shown in Figure 35.
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B. Bill record

Figure 37. Bill record
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